RNase P from Escherichia coli is a tRNA-processing enzyme and consists of a catalytic RNA subunit (M1 RNA) and a protein component (C5 protein). M1GS, a gene-targeting ribozyme derived from M1, can cleave a herpes simplex virus 1 mRNA efficiently in vitro and inhibit its expression effectively in viral-infected cells. In this study, the effects of C5 on the interactions between a M1GS ribozyme and a model mRNA substrate were investigated by site-specific UV crosslink mapping. In the presence of the protein cofactor, the ribozyme regions crosslinked to the substrate sequence 3′ immediately to the cleavage site were similar to those found in the absence of C5. Meanwhile, some of the ribozyme regions (e.g. P12 and J11/12) that were crosslinked to the leader sequence 5′ immediately to the cleavage site in the presence of C5 were different from those regions (e.g. P3 and P4) found in the absence of the protein cofactor and were not among those that are believed to interact with a tRNA. Understanding how C5 affects the specific interactions between the ribozyme and its target mRNA may facilitate the development of genetargeting ribozymes that function effectively in vivo, in the presence of cellular proteins.
INTRODUCTION
Ribonuclease P (RNase P) is a ribonucleoprotein complex responsible for the maturation of the 5′ termini of tRNAs (1, 2) . In bacteria, the RNase P holoenzyme contains a catalytic RNA subunit of 350-500 nt and a small highly basic protein subunit of 100-150 amino acids (e.g. M1 RNA and C5 protein in Escherichia coli), both of which are required for activity in vivo. Under certain conditions in vitro, M1 RNA acts as a catalyst and cleaves ptRNAs (precursor to tRNAs) in the absence of C5 protein (3) . Phylogenetic analyses, combined with biochemical studies and computer modeling, have established the models for the secondary and three-dimensional structures of M1 RNA (4) (5) (6) (7) . Recently, the tertiary structure of the protein component of Bacillus subtilis RNase P has been determined to 2.6 Å resolution (8) . These studies have provided a foundation for understanding the mechanism of RNase P catalysis and the interactions among the ribozymes, the protein cofactors and the substrates.
One of the unique features of RNase P holoenzyme and its catalytic RNA is their ability to recognize the structures, rather than the sequences of their substrates, which gives them the ability to hydrolyze different natural substrates in vivo or in vitro. The interactions between M1 RNA and a ptRNA substrate have been extensively studied by site-directed mutagenesis, kinetic analyses, UV crosslinking, chemical footprinting and interference experiments (6, (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . These studies have revealed the regions of M1 RNA that are in close proximity to a ptRNA substrate. Moreover, these studies have led to the identification of the regions of M1 RNA that bind to the 3′ CCA sequence and interact with a part of the T-stem and Tloop of a ptRNA (9, 12, 20, 21) . More recently, UV crosslinking experiments have suggested that the P4, J18/2, J15/16 and P3 regions are in close contact with the 5′ leader sequence of a ptRNA, with nucleotides G 332 and A 333 of M1 RNA in close proximity to the nucleotide 5′ adjacent to the cleavage site (16, (22) (23) (24) .
Studies on the function of C5 protein have shown that the holoenzyme has broader substrate specificity and higher catalytic efficiency than the catalytic RNA component alone (25, 26) . C5 protein appears to increase the affinity of the enzyme to the substrate but not to the product (19, 27, 28) . The effect of the E.coli and B.subtilis RNase P protein subunits in enhancing the cleavage of a ptRNA is correlated with the length of the 5′ leader sequence of the substrate (28, 29) . It was recently reported that the B.subtilis RNase P protein component, modified at single cysteine residues with a photochemical crosslinking agent, can crosslink to nucleotides in the 5′ leader sequence of a ptRNA (27) . Meanwhile, UV crosslinking studies have suggested that C5 enhances the yields of certain but not all M1 RNA-ptRNA complexes found in the absence of the protein cofactor (16) . These studies have highlighted the importance of the protein cofactor in enhancing specific interactions between the ribozyme and its ptRNA substrates.
Studies on substrate recognition by RNase P have also revealed that a small model substrate can be cleaved efficiently by M1 ribozyme (Fig. 1A) . This model substrate contains a structure equivalent to the acceptor stem, the T-stem, the 3′ Figure 1 . (A) Schematic representation of natural substrates (ptRNA and p4.5S RNA), a small model substrate (EGS:mRNA) for ribonuclease P and M1 RNA from E.coli, and a complex formed between a M1GS RNA and its mRNA substrate (S). The structural components common to both ptRNA and p4.5S RNA substrates are highlighted. The site of cleavage by RNase P or M1 RNA is marked with a filled arrow. (B) Schematic representation of the substrates used in the study. The uridine positions that were incorporated with the photoactive 4-thio-uridine nucleotides are highlighted. The targeting sequences that bind to the guide sequences of the ribozymes are boxed. The regions upstream and downstream from the targeting sequence represent the 5′ leader sequence and the 3′ tail sequence, respectively. (C) Nuclease (RNase T1 and V) cleavage mapping of the secondary structure of the M1 region of M1-S3 in the presence of MgCl 2 [buffer F (50 mM Tris-HCl pH 7.5, 100 mM NH 4 Cl, 20 mM MgCl 2 )] or CaCl 2 [buffer G (50 mM Tris-HCl pH 7.5, 100 mM NH 4 Cl, 20 mM CaCl 2 )]. The predicted secondary structure of M1 RNA is presented as described previously (4, 54) . This is a summary of several independent experiments. Only the results that were reproducible are included.
CCA sequence and the 5′ leader sequence of a ptRNA molecule (30) . Accordingly, M1 catalytic RNA can cleave a mRNA sequence if the mRNA substrate forms a hybrid complex with its complementary sequence (external guide sequence or EGS) (Fig. 1A) (31) . Moreover, a sequencespecific mRNA-cleaving ribozyme, M1GS RNA, can be constructed by linking a guide sequence covalently to M1 RNA (Fig. 1A) (32, 33) . We have previously shown that M1GS ribozymes cleave the mRNA sequence encoding thymidine kinase (TK) of herpes simplex virus 1 (HSV-1) (33) (34) (35) (36) . When the ribozymes were expressed in mammalian cells infected with HSV-1, both the viral TK mRNA and protein levels were reduced by~75% (33) .
RNA enzymes are being developed as promising genetargeting reagents to specifically cleave RNA sequences of choice (37) (38) (39) . Targeted cleavage of mRNA by RNase P ribozyme provides a unique approach to inactivate any RNA of known sequence expressed in vivo. Further studies to investigate the mechanism of how a M1GS RNA interacts with a mRNA substrate should provide insight into how to improve the catalytic efficiency and sequence specificity of the ribozyme. Using a nuclease footprint analysis and a site-specific UV crosslinking approach, we have recently mapped the regions of the ribozymes that are in close contact with a mRNA model substrate (35, 36) . In this study, we have determined the regions of M1GS RNA that are in close proximity to a TK mRNA substrate in the presence of C5 by site-specific UV crosslink mapping. Understanding the effects of C5 protein on the interactions between a M1GS ribozyme and a mRNA model substrate may provide insight into developing effective RNase P ribozymes that recognize their mRNA substrates efficiently in vivo in the presence of cellular proteins.
MATERIALS AND METHODS

Synthesis of RNase P holoenzyme, ribozymes and substrates
C5 protein was kindly provided by Dr Venkat Gopalan of Ohio State University. The oligonucleotides used in this study were synthesized with a DNA oligonucleotide synthesizer. Uniformly radiolabeled RNA molecules were synthesized in vitro by T7 RNA polymerase in the presence of [α-32 P]GTP. Plasmids pFL117 and pFL120 contain the DNA sequences that encode M1 RNA and substrate tk46 driven by the T7 RNA polymerase promoter, respectively (33) . The DNA sequences that encode M1GS ribozymes were constructed by PCR using PvuII-digested pFL117 as the template and oligonucleotide AF25 (5′-GGAATTCTAATACGACTCACTATAG-3′) as the 5′ primer. The 3′ PCR primers for the DNA sequences that encode ribozymes M1-S2 and M1-S3 are oligonucleotides S5-GS (5′-GTGGTGCCCGCGCCCGACTATGACCATG-3′) and S3-GS (5′-GTGGTGTTTGCGCCCGACTATGACCATG-3′), respectively.
To construct plasmid pS5 that contained the DNA sequence coding for substrate tk46S5, the DNA sequence was generated by PCR using pFL120 as the template and oligonucleotides AF25 and S5 (5′-CGCGGATCCGCGGAAAGGTCGGGC-GCGGGCGCGTGTTGGTGGCGGGGGTC-3′) as the 5′ and 3′ primers, respectively, and was subsequently cloned into pUC19 vector. The DNA sequences in plasmids pS2 and pS3 that encode substrates tk46S2 and tk46S3 were generated by PCR using pS5 as the template and the 5′ primer AF25. The oligonucleotides used as the 3′ primers for construction of pS2 and pS3 were S2 (5′-CGCGGATCCGCGGCCTGGTCGGG-CGCGGGCAAATGTTGGTGGC-3′) and S3 (5′-CGCGG-ATCCGCGGCCTGGTCGGGCGCAAACGCGTGTTGG-3′), respectively. The ribozymes and RNA substrates were synthesized in vitro from these DNA templates by T7 RNA polymerase as described previously (35, 36, 40) . The substrates that contained photoactive 4-thio-uridines were synthesized by carrying out transcription reactions in 40 mM Tris-HCl pH 7.9, 6 mM MgCl 2 , 10 mM DTT, 2 mM spermidine, 2 mM ATP, 2 mM CTP, 2 mM GTP, 4 mM 4-thio-UTP (Amersham, Arlington Heights, IL), and 20 µCi of [α-32 P]GTP, with T7 RNA polymerase for 16 h at 37°C. Substrates and ribozymes prepared by transcription in vitro were further purified in denaturing 8% polyacrylamide gels prior to use. Prior to crosslinking and kinetic analyses, the ribozymes and substrates were incubated separately in buffer H (50 mM Tris pH 7.5, 100 mM NH 4 Cl) at 80°C for 2 min and then cooled slowly to room temperature to allow renaturation of ribozyme and substrate structures. The assembly of the ribozyme-C5 complexes was carried out by mixing the ribozyme and C5 protein in a ratio of 1:20 as described previously (25, 40) .
Kinetic analyses of the reactions catalyzed by the ribozymes
The cleavage reactions of the substrates by different ribozymes were carried out either in the absence or the presence of C5 protein in buffer F (50 mM Tris pH 7.5, 100 mM NH 4 Cl, 20 mM MgCl 2 ) as described previously (33, 40) . The assembly of the ribozyme-C5 complexes was carried out by mixing the ribozyme and C5 protein in a ratio of 1:20. The cleavage products were separated in 15% polyacrylamide gels and analyzed with a STORM840 phosphorimager (Molecular Dynamics, Sunnyvale, CA).
Assays to determine the observed reaction rate (k obs ) and the values of k cat /K m were performed in buffer H (50 mM Tris pH 6.5, 100 mM NH 4 Cl, 20 mM MgCl 2 ) as described previously (40, 41) . Briefly, analyses were performed with a trace amount of radioactive substrate and an excess of ribozyme. The concentration of radioactive substrate was <0.1 nM and the concentrations of ribozyme tested ranged from 0.5 to 100 nM. The ribozymes and ribozyme-C5 complexes were incubated with the radiolabeled substrates at 37°C. Aliquots were withdrawn from reaction mixtures at regular intervals (from 0 to 720 min). The cleavage products were separated on 15% denaturing gels, autoradiographed and quantitated with a STORM840 phosphorimager. Variants of the amount of substrate did not affect the observed cleavage rate (k obs ) at a fixed excess ribozyme concentration and the reaction followed pseudo-first-order kinetics. Pseudo-first-order rate constants of cleavage (k obs ) were assayed at each ribozyme concentration by the slope of a plot -ln [(Ft -Fe) / (1 -Fe)] versus time using Kaleidagraph program (Synergy Software, Reading, PA). Ft and Fe represent the fraction of the substrate at time t and the end point (>10 h) of the experiments, respectively. The values of the overall cleavage rate (k cat /k m ) were calculated by the slope of a least-squares linear regression (Kaleidagraph) of a plot of the values of k obs versus the concentrations of the ribozymes. These values were the average of three experiments.
To assay the catalytic activity of the crosslinks, the crosslinked species were purified from denaturing gels, either diluted 100-fold first or directly incubated at 37°C in buffer F in the absence or presence of 100 nM of C5 protein (>20-fold excess to the ribozyme). The reactions were stopped after 1-2 h incubation by adding an equal volume of 8 M urea. The cleavage products were separated on 4% polyacrylamide denaturing gels and quantitated with a Molecular Dynamics STORM840 phosphorimager.
UV crosslinking, primer extension and RNase mapping experiments
UV crosslinking was carried out essentially as described previously (35, 42) . Radiolabeled RNA substrates (5-100 nM) were incubated with ribozymes (5-100 nM) in buffer G (50 mM Tris pH 7.5, 100 mM NH 4 Cl, 20 mM CaCl 2 ) for 5 min at 25°C either in the absence or presence of C5 protein (100-1000 nM). Then, the reaction mixture was exposed to UV light (365 nm) on ice for 5-30 min. The crosslinked species were separated in denaturing gels and visualized by autoradiography. The conjugates were then excised from the gels and further purified. RNA samples were recovered by phenol/ chloroform extraction and subsequent ethanol precipitation.
The oligonucleotide primers used for primer extension experiments were radiolabeled at their 5′ termini by T4 polynucleotide kinase in the presence of [γ-32 P]ATP. The oligonucleotides used for experiments with M1GS RNA were AK1(85-102) (5′-CGTTACCTGGCACCCTG-3′), AK2(174-191) (5′-CCGCACCCTTTCACCCT-3′), AK3(265-282) (5′-ACG-GGCCGTACCTTATG-3′) and AK4(360-377) (5′-AGGT-GAAACTGACCGATA-3′). 100 000 c.p.m. of primers and different amounts of purified crosslinked products were incubated at 90°C for 2 min to allow denaturing of the RNA structure and then immediately placed on ice. The reaction mixtures were then incubated at 42°C in the presence of 20 U of AMV reverse transcriptase (Promega, Madison, WI), 50 mM Tris (pH 8.3), 50 mM KCl, 10 mM MgCl 2 , 0.5 mM spermidine, 10 mM DTT, and 1 mM each of dATP, dGTP, dCTP and dTTP for 2 h. The RNA templates were then hydrolyzed with 5 mM NaOH at 68°C for 1 h. The cDNA samples were purified by phenol/chloroform extraction and recovered by ethanol precipitation. The primer extension products were separated in 8% denaturing gels and quantitated with a STORM840 phosphorimager. For control experiments, ribozymes were UV irradiated either in the absence of the substrates or in the presence of the substrates that did not contain the photoactive group. The RNA mixtures were purified by ethanol precipitation and directly subjected to primer extension analyses. Sequencing reactions were carried out using pFL117 as the template in the presence of T7 sequenase and [α- 35 S]dATP (Amersham). The sequencing primers were the same oligonucleotides used in the primer extension analyses of the ribozymes. The secondary structure of M1GS RNA was mapped in buffer F or G using RNase T1 and V, as described previously (36, 40) .
RESULTS
Cleavage of the TK mRNA substrates by M1GS ribozymes in the presence of C5
A model mRNA substrate for a M1GS ribozyme can be considered to consist of three sequence elements: (i) a 5′ leader sequence, (ii) a targeting sequence that base pairs with the guide sequence of a M1GS ribozyme, and (iii) a 3′ tail sequence ( Fig. 1A and B) . By introducing a photoactive agent into these three different sequences of a mRNA substrate, we can use a UV crosslinking approach to map the regions of M1GS RNA that are in close proximity to these nucleotides of the substrate. 4-Thio-uridine, which has been extensively used in UV crosslinking studies to investigate RNA-RNA and RNA-protein interactions (42, 43) , was used as the photoactive agent. Upon exposure to UV light, this photoactive agent can crosslink to the nearby regions within a distance of 5-10 Å (43). tk46, which contained a 5′ TK mRNA sequence of 46 nt, was used as the model substrate here. This 46 nt long region of TK mRNA has been shown to be accessible to ribozyme binding in mammalian cells (33) . Significant inhibition of TK mRNA and protein expression was observed in cells that expressed a M1GS ribozyme targeting to this region (33) .
In order to identify the regions of a M1GS RNA that interact with a particular part of tk46 (e.g. the 5′ leader sequence), the photoactive groups can be incorporated into a specific region of the substrate (Fig. 1B) . Substrates tk46S2, tk46S3 and tk46S5 were derived from tk46 and contained three uridines at the positions 5′ and 3′ adjacent to the cleavage site, and 5′ adjacent to the 3′ end of the targeting sequence, respectively (Fig. 1B) . M1 RNA was used to construct the mRNA-targeting ribozyme, M1GS RNA, by linking the 3′ terminus of the catalytic RNA to a guide sequence. Different guide sequences were used to construct M1GS RNAs (e.g. M1-S2 and M1-S3) to target the corresponding substrates (e.g. tk46S2 and tk46S3). Since substrates tk46S2 and tk46S5 had the identical targeting sequence which represented the guide sequencebinding region (Fig. 1B) , ribozyme M1-S2 was used to target both tk46S2 and tk46S5. UV crosslinking studies with substrates tk46S2, tk46S3 and tk46S5 should reveal the regions of the ribozyme that are in close proximity to the different sequence elements of the substrate.
Cleavage of substrates tk46S2, tk46S3 and tk46S5 by M1GS RNAs in the presence of C5 was carried out, and an example of the cleavage analyses is shown in Figure 2 . As expected, cleavage of tk46S3 by M1-S3 ribozyme under high salt conditions (i.e. 100 mM MgCl 2 ) in the absence of C5 protein yielded a 5′ product and a 3′ product (Fig. 2 , lane 2) (35) . The cleavage of tk46S3 by M1-S3 in the presence of C5 protein also yielded two products that comigrated with those from the cleavage of tk46S3 in the absence of C5 (Fig. 2, lane 3) . Further characterization of the cleavage products indicated that the cleavage of tk46S3 in the presence of C5 occurred at the same location as that in the absence of the protein cofactor (data not shown). Similar results were also observed in the reactions with substrates tk46S2 and tk46S5.
Kinetic analyses were carried out in the absence and presence of C5 protein in buffer H (50 mM Tris pH 6.5, 100 NH 4 Cl, 20 mM MgCl 2 ) in order to determine the cleavage rate of these substrates by the ribozymes. The catalytic efficiencies for the ribozyme-C5 complexes, indicated as the values of k cat /K m (average of three independent experiments), were within 2-fold difference regardless of whether the substrate contained the photoactive group or not (Table 1) . Thus, the presence of the photoactive group did not greatly affect the cleavage of these substrates in the presence of C5 (Fig. 2 , lanes 3 and 5; Table 1 ). Similar results were also found in the reactions without C5 (Table 1) . Moreover, a comparison of the rates of cleavage of these substrates in the absence and presence of C5 revealed that the presence of the protein cofactor increased the value of k cat /K m of the reactions by at least 100-fold (Table 1) .
To identify the regions of the ribozyme that specifically interact with the substrates but not with the cleavage products, UV crosslinking experiments were carried out under reaction conditions that inhibited cleavage of the mRNA substrate. In order to reduce the rate of cleavage while preserving the interactions between the ribozyme and the substrate in an active ribozyme-substrate complex, two changes were introduced to the mRNA cleavage reactions: CaCl 2 was used instead of MgCl 2 as the source of divalent ions and the reactions were carried out at 25 instead of 37°C. It has been shown that divalent ions are essential for M1 catalytic activity (3) and M1 RNA cleaves a ptRNA and a model mRNA substrate at least 30 times slower in the presence of CaCl 2 than in the presence of MgCl 2 (36, 44) . Indeed, in the presence of CaCl 2 , cleavage of substrate tk46S3 in the presence of C5 occurred and the rate of cleavage was at least 40-fold slower than that in the presence of MgCl 2 (Fig. 2, lane 6) . The reaction rate was further reduced at low temperatures (Fig. 2, lane 7) . No cleavage products were detected under these changed conditions (Fig. 2, lane 7) , while substantial amounts of products were found under the optimal cleavage conditions (Fig. 2, lanes 3 and 5) . Similar results were also observed in the reactions without C5 (data not shown). The overall secondary structure of the M1GS ribozymes in the cleavage buffer that contained CaCl 2 , mapped by nuclease cleavage, was very similar to that in the buffer that contained MgCl 2 (Fig. 1C) .
Ribozyme-substrate crosslinked complexes in the absence and presence of C5
M1GS ribozymes were mixed with substrates tk46S2-thio, tk46S3-thio and tk46S5-thio that were uniformly labeled with [α-32 P]GTP. The reaction mixtures were incubated in buffer G (50 mM Tris pH 7.5, 100 mM NH 4 Cl, 20 mM CaCl 2 ) in the absence and presence of C5 and then irradiated with UV light at 365 nm. The crosslinked products were separated in denaturing polyacrylamide gels. An example of the crosslinked products formed between M1-S2 and tk46S5-thio is shown in Figure 3A . A major cluster (designated as cluster A) and a minor cluster (designated as cluster B) of crosslinked species were found (Fig. 3A, lanes 1 and 2) . The major and minor cluster accounted for~5-20% and 2% of the total amount of substrates used in the experiments, respectively. These clusters were not found in control experiments that were not treated with UV irradiation or that were carried out with substrate tk46S5 that did not contain the photoactive group (data not shown). The crosslinked species in cluster B were found when substrate tk46S5-thio was irradiated in the absence of the ribozyme, indicating that these species were derived from crosslinking of the substrate (Fig. 3, lane 3) . In contrast, the conjugated complexes in cluster A were observed only when the substrate was irradiated in the presence of ribozyme M1-S2 (Fig. 3, lane 1) . These complexes were not observed when M1-S2 was replaced with either M1 RNA which did not contain a guide sequence or M1ICP4 which targeted another HSV-1 mRNA, the ICP4 mRNA (Fig. 3, lanes 4 and 5) . These results suggested that the conjugated species in cluster A (i.e. c51 and c52) were specifically derived from the ribozyme-substrate complexes formed by base pairing interactions of the substrate to the guide sequence of the ribozyme, rather than from those formed through non-specific binding of the substrate to other regions of the ribozyme. Similar results were also observed when tk46S2-thio and tk46S3-thio were used as the substrates.
The mobility of the crosslinked complexes in a denaturing gel correlates with the patterns of crosslink in which specific 1-6) . The reactions were performed in the absence (lanes 1 and 2) and presence of 40 nM (lanes 3-5) or 400 nM of C5 protein (lanes 6 and 7). Cleavage products were separated in 15% polyacrylamide gels containing 8 M urea. regions of the ribozyme are crosslinked to particular substrate positions within the enzyme-substrate complexes. It is expected that a difference in the crosslink patterns between the ribozyme and the substrate may lead to a change in the mobility of the complexes. The presence of C5 did not appear to affect the mobility and yield of the crosslinked species formed between M1-S3 and tk46S3-thio. Two major ribozyme-substrate conjugated complexes (i.e. c31 and c32) were found in the reactions in the presence of C5 and comigrated with the two complexes found in the absence of the protein cofactor (Fig. 3, lanes 8 and 9) . In contrast, when ribozyme M1-S2 was crosslinked to tk46S2, a single crosslinked species (i.e. c23) was predominately found in the presence of C5. Complex c23 exhibited an electrophoretic mobility different from that of the two conjugated species (i.e. c21 and c22) which were generated in the absence of the protein cofactor (Fig. 3, lanes 6 and  7) . In the absence of C5, crosslinking between M1-S2 and tk46S5 yielded two ribozyme-substrate conjugated species (c51 and c52) (lanes 2 and 11) . However, the presence of C5 protein increased the relative yield of the c52 complex, which accounted for >80% of the total amount of the ribozymesubstrate conjugated complexes (lanes 1 and 10) .
The regions of the ribozymes crosslinked with RNA substrates in the absence and presence of C5
To determine the sites of the ribozymes crosslinked to the substrates, each species within the clusters A and B of the crosslinked complexes was excised from the polyacrylamide gels. Primer extension experiments in the presence of reverse transcriptase were carried out using these species as the templates and oligonucleotides complementary to M1 RNA as the primers. Reverse transcriptase usually terminates 1 nt 3′ to crosslink sites in the RNA template (42, 43) . The primers used in the primer extension analysis were AK1, AK2, AK3 and AK4, which were complementary to the positions 85-102, 174-191, 265-282 and 360-377 of M1 RNA, respectively. These primers were used in the experiments in order to cover the full-length ribozyme sequence. Figure 4 shows the examples of the primer extension experiments for the conjugated complexes formed between M1-S2 and tk46S2-thio ( Fig. 4A and C), M1-S3 and tk46S3-thio (Fig. 4B) , and M1-S2 and tk46S5-thio ( Fig. 4D and E) in the absence and presence of C5. A comparison of the extension products obtained from crosslinked RNA species (e.g. Fig. 4A , lanes 6-8) with those from the control RNA conjugates (e.g. Fig. 4A , lane 5) and sequencing reactions (e.g. Fig. 4A, lanes 1-4) identifies the nucleotides in the ribozyme that are potentially crosslinked with the substrate. For control experiments, ribozymes were UV irradiated either in the absence of the substrates or in the presence of the substrates that did not contain the photoactive group. No reproducible crosslinked species in the control experiments were found to comigrate with the species of cluster A (e.g. c21) formed in the reactions between M1GS ribozymes and the substrates that contained the photoactive groups (data not shown). The RNA mixtures in the control experiments were purified by ethanol precipitation and directly subjected to primer extension analyses. No primer extension products were detected when using the species in cluster B as the template, regardless of which primers were used. These observations were consistent with our conclusion that the conjugates within this cluster did not contain ribozyme sequences and were probably the crosslinking products of the substrate (Fig. 3, lane 3) . Primer extension experiments using other minor species in the cluster A (i.e. c24, c33 and c53) as templates did not yield any reproducible termination products at a specific ribozyme position, suggesting that these species might represent non-specific crosslinks or artifacts. The crosslinking sites of the ribozymes within the conjugates are listed in Table 2 and shown in Figure 5 . The salient features of these results are as follows. 3-5) . Then, the reaction mixtures were subjected to UV irradiation. (B) 5-20 nM of radiolabeled substrates tk46S2 (tk46S2-thio, lanes 6 and 7), tk46S3 (tk46S3-thio, lanes 8 and 9) and tk46S5 (tk46S5-thio, lanes 10 and 11) that contained thio-U were crosslinked with 5-20 nM ribozymes either in the absence (-, lanes 7, 9 and 11) or presence of a 20-fold excess amount of C5 protein (+, lanes 6, 8 and 10). All the crosslinked conjugates were separated in 4% polyacrylamide gels that contained 8 M urea. The letters at the side of the photographs specify the different crosslinked species.
(i) The sites of the ribozymes crosslinked to tk46S3. Two M1-S3-tk46S3-thio conjugated species (i.e. c31 and c32) were predominantly found in both the absence and presence of C5. Analyses of each individual species revealed that the sites of the ribozyme crosslinked to tk46S3-thio in the presence of C5 were identical to those found in the absence of the protein cofactor. These regions include positions 7-10 (region P1), 69 (P4), 247-248 (J5/15), 255-256 (J15/16), 327-329 (J2/18) and 345 (J2/4) of M1 RNA (Table 2 ) (see Fig. 5 for the nomenclature and location of the regions). These results are consistent with our observations that the ribozyme-substrate conjugate complexes generated in the presence of C5 exhibited similar electrophoretic mobility and radioactive intensity as those generated in the absence of C5. These results suggested that the presence of C5 protein did not greatly affect the interactions between the ribozyme and the positions of the substrate that contained the photoactive group (i.e. the targeting sequence positions 3′ immediately to the cleavage site).
(ii) The sites of the ribozymes crosslinked to tk46S2. Analyses of the single M1-S2-tk46S2-thio conjugated species (c23) found in the presence of C5 revealed that the crosslinked regions of M1-S2 included positions 138 (J11/12), 168-169 (P12), 292-293 (J15/16), 327-329 (J2/18) and 332-333 (J2/18) ( Table 2 ). In contrast, the crosslinked sites of M1-S2 in the c21 and c22 complexes, both of which were found only in the absence of the protein cofactor, included nt 48-49 (P3), 74-75 (P4), 247-248 (J5/15), 257-258 (J15/16), 285 (P17), 327-329 (J2/18) and 332-333 (J2/18). Thus, in the presence of C5, some of the ribozyme regions that interact with the 5′ leader sequence adjacent to the cleavage site were different from those regions of the ribozymes found in the absence of the protein cofactor. In particular, the P12 and J11/12 regions were found to be in close proximity to the substrate in the presence of C5 but not in the absence of the protein cofactor. Meanwhile, the P3, P4 and P17 regions were in close contact Figure 4 . Identification of the nucleotides of the ribozymes that were crosslinked with the substrates by primer extension analyses. UV crosslinking was carried out with the reaction mixture that contained the substrates and M1GS ribozymes, and conjugated species as listed in Table 2 were purified (e.g. c21). The templates used for the primer extension experiments with one of the four primers (AK1-AK4) were the crosslinked complexes formed between M1-S2 and tk46S2-thio (A and B), M1-S3 and tk46S3-thio (C), and M1-S2 and tk46S5-thio (D and E) in the absence (lanes 6, 7, 14, 16, 24, 25, 31, 32, 38 and 39) and presence of C5 [(+C5), lanes 8, 15, 17, 23, 33 and 40] . In the control lanes (control, lanes 5, 13, 22, 30 and 41), the ribozyme was UV irradiated either in the absence or presence of C5 with the substrate that did not contain the photoactive group and the RNA mixtures were purified by phenol/chloroform extraction and ethanol precipitation, and directly subjected to primer extension analyses. Sequencing ladder (lanes 1-4, 9-12, 18-21, 26-29 and 34-37) was generated with T7 sequenase kit using pFL117 as the template and one of the four primer extension oligonucleotides (AK1-AK4) as the sequencing primer. The primer extension products were separated in 8% denaturing gels and analyzed with a STORM840 phosphorimager.
with the substrate in the absence but not the presence of the protein cofactor. 
Catalytic activity of the crosslinked complexes
If the ribozyme-substrate complexes were folded into an active conformation during the UV crosslinking analysis, the crosslinked conjugates would be expected to represent the active complexes. The substrates in the conjugates should be cleaved by the enzyme within the same complex when the complexes were incubated under optimal RNase P cleavage conditions (e.g. in the presence of MgCl 2 ). To determine whether this was the case, 3′ end-labeled tk46S2-thio was crosslinked with M1-S2 either in the absence or presence of C5 and the crosslinked complexes were purified. The complexes were then incubated in the presence of 20 mM MgCl 2 in buffer F to allow cleavage either in the absence or presence of C5. A radiolabeled 3′ cleavage product, which does not contain the photoactive group, is expected to be released from the c23 complexes after the cleavage while a non-radiolabeled 5′ product containing the photoactive group is expected to be retained with the crosslinked ribozymes. Indeed, a radiolabeled RNA species that comigrated with the 3′ product from the cleavage of tk46S2-thio was found in the reactions of the c23 complexes (Fig. 6, compare lanes 3 and 5) . In another set of experiments, the 5′ end-labeled tk46S5-thio was allowed to crosslink to M1-S2 in the absence and presence of C5. The tk46S2-ribozyme conjugates (e.g. c52) were first purified and then incubated in the presence of 20 mM MgCl 2 in the absence and presence of C5. A radiolabeled 5′ cleavage product, which does not contain the photoactive group, is expected to be released from the c52 complexes after the cleavage while a non-radiolabeled 3′ product containing the photoactive group is expected to be retained with the crosslinked ribozymes. Indeed, as shown in Figure 6 , a radiolabeled RNA species that comigrated with the 5′ product from the cleavage of tk46S5-thio was found in the reactions of the c52 complexes (compare lanes 8 and 10). More than 95% of substrates in the c23 (lane 5) and c52 complexes (lane 10) were cleaved after a 1 h incubation. Similar results were also observed for the c21, c22, c31, c32 and c51 complexes. These observations suggested that the majority of the crosslinks occurred in the native structure of the M1GS-TK mRNA complexes and most of the enzymes in the crosslinked complexes could adopt an active conformation. Figure 5 . Schematic representation of the nucleotides of M1GS ribozymes that were found to be crosslinked to substrates tk46S2 (A), tk46S3 (B) and tk46S5 (C) by primer extension analyses. The predicted secondary structure of M1 RNA is presented as described previously (4,54). P, helix regions; J, junction regions between two helix sequences; L, loop regions. This is a summary of at least three independent experiments. Only the results that were reproducible are included.
Similar results were also observed when the crosslinked complexes were diluted 100-fold before incubation under the optimal in vitro cleavage conditions, supporting the notion that cleavage of the substrates occurred within the crosslinked complexes and was not catalyzed by ribozymes from other adjacent crosslinked complexes (data not shown).
DISCUSSION
In this study, we used a UV crosslinking approach to identify the regions of M1GS RNA that are in close contact with the TK mRNA either in the absence or presence of C5 protein.
Crosslinked enzyme-substrate complexes were isolated and the regions of the ribozymes that were potentially crosslinked to the substrates were determined. These crosslinked regions are most likely in close contact with the nucleotide positions of the substrates that contain the photoactive agent. An alteration of the sites of crosslinks upon binding of the protein cofactor implies a change in the conformation of the ribozyme, which now allows different ribozyme regions to be in close proximity to the substrate. It is possible that the detected crosslinks are either the result of non-specific binding of the mRNA substrates to the ribozymes or represent minor misfolded inactive conformations that are in rapid equilibrium with the native structure. However, several lines of evidence strongly suggest that these are not the case, and that the detected crosslinks reflect the native structure of the ribozyme-substrate complexes. First, no specific M1GS-substrate crosslinked complexes were found when M1 RNA or M1ICP4 RNA were allowed to react with the TK mRNA substrates, regardless of the absence or presence of C5 (Fig. 3,  lanes 4 and 5) . M1 and M1ICP4 ribozymes did not contain a guide sequence or contained a guide sequence that targeted HSV-1 ICP4 mRNA, respectively. Therefore, these observations suggest that the crosslinks did not result from the non-specific binding of the substrates to the ribozymes. Second, the crosslinked conjugates, when incubated in the presence of magnesium, still exhibited catalytic activity and >95% of the substrates in the conjugates were cleaved (Fig. 6, lanes 5 and  10) . These results suggest that most of the enzymes in the crosslinked complexes still were in a native structure and could adopt an active conformation. Similar results were also observed when the crosslinked complexes were diluted 100-fold before incubation under optimal in vitro cleavage conditions, supporting the notion that cleavage of the substrates occurred within the crosslinked complexes and were not catalyzed by ribozymes from other crosslinked complexes (data not shown). Thus, the majority of the crosslinks appeared to occur within the native structure of the M1GS-TK mRNA complexes and represent the interactions between the RNase P ribozyme and the mRNA model substrate in an active ribozyme-substrate complex. Third, the crosslinking results ( Table 2 , Fig. 5 ) were obtained from at least three independent experiments and only the reproducible results were included.
Another concern is whether the observed contacts between the ribozyme and the substrate are specific since the experiments were carried out in buffer F (20 mM MgCl 2 ) instead of buffer E (100 mM MgCl 2 ) and the reactions in the absence of C5 may be disfavored in the presence of low ionic strength. The rationale to carry out our experiments at low (20 mM MgCl 2 ) but not high ionic strength (100 mM MgCl 2 ) is 3-fold. First, tethering of the EGS sequence to M1 RNA obviates the requirement of high ionic strength to achieve optimal activity. In the absence of C5, efficient cleavage of a mRNA substrate (see Fig. 2 ) (33) or a tethered ptRNA substrate (16, 32, 45) has been observed in the presence of 10-20 mM MgCl 2 . These results suggested that optimal folding of the ribozyme and formation of the active complex between a ribozyme and a tethered substrate can be achieved under low ionic strength conditions. This notion is further supported by our observations that >95% of substrates in the crosslinked complexes were cleaved when the complexes were incubated in buffer F (Fig. 6 ). These observations suggest that the majority of the crosslinks appeared to occur in the native structure of the M1GS-TK mRNA complexes and most of the enzymes in the crosslinked complexes could adopt an active conformation. Second, the binding affinity of C5 to M1 RNA is weakened in Figure 6 . Catalytic activity of the crosslinked complexes. 3′ labeled tk46S2-thio (lanes 1-5) and 5′ labeled tk46S5-thio (lanes 6-10) were crosslinked with M1-S2 either in the absence (lanes 6-10) or presence of C5 protein (lanes 1-5). The purified crosslinked conjugates were either first incubated in buffer F in the absence (lane 10) and presence of C5 (lane 5), or directly loaded on denaturing gels (lanes 4 and 9). The cleavage products comigrated with the corresponding products generated from cleavage of tk46S2-thio in the presence of C5 (lane 3) and tk46S5-thio in the absence of the protein cofactor (lane 8). The radiolabeled ribozymes were shown in lanes 1 and 6 while the substrates were shown in lanes 2 and 7. All the samples were purified by phenol/chloroform extraction and ethanol precipitation, then separated in 4% polyacrylamide gels that contained 8 M urea, and finally analyzed by a phosphorimager.
the presence of 100 mM MgCl 2 (46, 47) , raising the possibility of whether the contacts between M1 and C5 observed under these conditions represent specific interactions in a native M1-C5 active complex. Third, in the absence of C5, most of the crosslinks observed in the presence of 20 mM MgCl 2 were also found in the presence of 100 mM MgCl 2 (35) , further suggesting that the ribozyme-substrate contacts at low ionic strength are similar to those at high ionic strength.
The effect of C5 on the contacts between the ribozyme and the targeting sequence positions adjacent to the cleavage site and the 3′ tail sequence positions adjacent to the targeting sequence
The presence of C5 protein did not appear to lead to a change in the ribozyme regions that are in close proximity to the nucleotides immediately 3′ to the cleavage site in the substrate (i.e. tk46S3). Substrate tk46S3 crosslinked to the same regions of the ribozyme both in the absence and presence of C5. The crosslinked regions include P1, P4, J2/4, J5/15, J15/16 and J2/ 18. These regions have been found to be in close proximity to the cleavage site of a ptRNA and a model mRNA substrate (18, 35, 48, 49) . Therefore, in both the absence and presence of C5, the regions of the ribozymes that are in close proximity to the nucleotides 3′ immediately to the cleavage site of substrate tk46S3 appear to be similar to those that interact with the cleavage site of a ptRNA.
When the ribozymes were crosslinked with tk46S5-thio, the presence of C5 increased the relative yield of one intermolecular crosslinked complex (i.e. c52) over the others. In c52, the regions of the ribozyme crosslinked to the substrate included P13 and J11/J14 while those in c51 were in P11, P13 and J2/4. Therefore, C5 protein appeared to select or favor a specific structural arrangement within the ribozyme-substrate complex so that the J11/14 region was in close proximity to the 3′ tail sequence of the substrate and could possibly interact directly with the substrate. J11/14 has been shown to be one of the regions that potentially interact with the 3′ tail sequence of a model mRNA substrate in the presence of high concentrations of divalent ions (high salt conditions) (35, 36) . However, it is believed that this region is not in close proximity to the active site of the ribozyme or the ptRNA substrate in a ribozymeptRNA complex (6,7). Our results suggest that the binding site of the ribozyme to the 5′ region of the 3′ tail sequence in the presence of C5 includes the P13 and J11/14 regions. One of the possible explanations of why the protein cofactor selectively increased the yield of a specific crosslink complex (i.e. c52) is that the interactions of the crosslinks (e.g. J11/14) within this complex may lead to better substrate recognition and higher cleavage efficiency. Indeed, a ribozyme variant with base substitution mutations at positions 224 and 225 of the J11/14 region exhibited at least 10-fold higher efficiency to cleave a mRNA substrate in the absence of C5 (50) . Further studies using ribozyme variants with mutations in these regions will determine whether they exhibit higher cleavage efficiency and provide insight into the construction of highly active ribozymes.
The effect of C5 on the contacts between the ribozyme and the 5′ leader sequence positions adjacent to the cleavage site Fierke and co-workers have recently shown that C5 specifically enhances the interactions between RNase P and the 5′ leader sequence of a ptRNA (19, 27, 28) . However, little is known about whether the 5′ leader sequence of a mRNA model substrate makes contact differently with M1 RNA in the presence of C5. Our results suggest that, in the presence of C5, the ribozyme regions that are close to the 5′ leader sequence of a mRNA substrate are different from those found in the absence of the protein cofactor. The common crosslinked regions among c21, c22 and c23 included J2/18 and J15/16. In contrast, regions J11/12 and P12 were found to be crosslinked to tk46S2-thio only in the presence of C5 while regions P3, P4, P17 and J5/15 were crosslinked only in the absence of the protein cofactor. P3, P4, P17 and J5/15 are in close proximity to the active site and a ptRNA in the ribozyme-substrate complex, as proposed in the current models for the threedimensional structure of M1 RNA (6, 7) . In contrast, J11/12 and P12 are not in close proximity to a ptRNA in the ribozyme-ptRNA complexes (6,7). Thus, our results raise the possibility that the structure of the ribozyme, upon binding of C5, is altered to allow the nucleotides immediately 5′ to the cleavage site of substrate tk46S2-thio to crosslink with J11/12 and P12 instead of the P3, P4 and P17 regions. Previous studies have suggested that C5 protein functions to maintain the active structure of the catalytic RNA in the holoenzyme complexes (1,2). Nuclease and Fe(II)-EDTA cleavage analyses indicated that, upon binding of C5, the P3, P4 and P12 regions became less susceptible to nuclease degradation and Fe(II)-EDTA cleavage (40, 51, 52) , suggesting that these regions are either involved in a conformational change or are directly bound by the protein. Recently, C5 protein has been shown to be in close proximity to the P3 and P4 regions of M1 RNA in the holoenzyme complex (53) . It is possible that the presence of C5 may physically prevent the formation of the crosslinks between these regions (e.g. P3 and P4) and the substrate by interacting directly with the ribozyme or the substrate. Moreover, binding of C5 protein to the ribozyme may also trigger a conformational change so that J11/12 and P12 regions, but not P3 and P4, are now in close proximity to the 5′ leader sequence of the model mRNA substrate.
Comparison of the contacts of the ribozyme with a model mRNA to those with a ptRNA substrate
Our results indicate that the sequences adjacent to the mRNA cleavage site are in close proximity to the same regions of the ribozyme which bind to the sequences close to the cleavage site of a ptRNA both in the presence and absence of C5. Moreover, the regions of the ribozyme (i.e. P4, P1, J5/15, etc.) that bind to the targeting region of the mRNA substrate (i.e. tk46S3) are also a part of the binding domains interacting with the acceptor and T-stem of a ptRNA, the natural equivalent of the RNA helix formed between the targeting region and the guide sequence (6, 7) . These results are consistent with the notion that the ribozyme utilizes its binding domains for the acceptor and T-stem of a ptRNA to interact with the mRNA substrate (35, 36) .
Our results also suggest that P11, J2/4, P13 and J11/14 are close to the 3′ tail region (i.e. tk46S5). P11 and J2/4 regions are in close proximity to the acceptor and T-stem of a ptRNA (6, 7) . However, P13 and P11/14 are believed to be not in close proximity to the ptRNA substrate. The interactions between the 3′ tail sequence and J11/14 appear to be important for cleavage of a mRNA but not a ptRNA. A ribozyme variant with base substitution mutations at positions 224 and 225 of the J11/14 region exhibited at least 10-fold higher efficiency in cleaving a mRNA but not a ptRNA substrate (50) . Thus, the ribozyme appears to interact with the mRNA substrate by utilizing binding motifs (e.g. P13 and J11/14) different from those used to interact with a ptRNA.
Most of the ribozyme regions (i.e. J15/16 and J2/18) that are found to be close to the 5′ leader sequence adjacent to the mRNA cleavage site, both in the absence and presence of C5, are also those that interact with the 5′ leader sequence adjacent to the cleavage site of a ptRNA. In contrast, regions J11/12 and P12 were found to be crosslinked to tk46S2-thio only in the presence of C5, while regions P3, P4, P17 and J5/15 were crosslinked only in the absence of the protein cofactor. The latter four regions are in close proximity to the 5′ leader sequence adjacent to the cleavage site in the current threedimensional structure of M1 RNA while J11/12 and P12 are not. Thus, our results suggest that binding of C5 to the ribozyme may trigger a conformational change so that J11/12 and P12 are now in close contact with the 5′ leader sequence of the mRNA substrate.
In this study, a cluster of three photoactive groups were incorporated into the substrates in order to identify the nucleotides of the ribozymes that are in close proximity to a particular region (i.e. the three nucleotide positions) of the substrate. To identify the nucleotides crosslinked to a single position of the substrate, crosslinking experiments can be carried out by using substrates that contain a single 4-thio-uridine. Studies of the effects of C5 protein on the interactions between a M1GS ribozyme and a model mRNA substrate provide a model system to understand how the ribozyme functions to cleave a mRNA substrate in vivo, in the presence of cellular proteins. While C5 protein does not appear to affect the binding of the ribozyme to the targeting sequence adjacent to the cleavage site, differences in the contacts between the ribozyme and the 5′ leader and 3′ tail sequence were found in the presence of the protein cofactor. It will be interesting to determine whether these differences will account for the better substrate recognition and the increased cleavage efficiency observed in the presence of the protein cofactor. If this is the case, a ribozyme mutant, which, in the absence of C5, interacts with a mRNA substrate under low salt conditions in a similar way as the wild-type ribozyme-C5 complexes, is expected to exhibit optimal catalytic activity to cleave a mRNA substrate under physiological conditions in the absence of the protein cofactor. Alternatively, ribozyme variants, which, upon binding a cellular protein, exhibit similar interactions to a mRNA substrate as those observed in the presence of C5, may function effectively in vivo. Further studies to generate these ribozyme variants and to investigate the mechanism of how they interact with a mRNA substrate will facilitate the construction of ribozymes that exhibit optimal substrate binding and high sequence specificity in vivo.
